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1. Mass spectrometry 
 
Mass spectrometry is a kind of essential tool for analytical research. The mass of 
compounds in samples can be measured, which makes mass spectrometry one of the 
most important and effective methods for qualifying materials. Mass spectrometry can 
provide large amount of information of a sample during one analysis by producing, 
separating and detecting the compounds in gas phase [1]. By ionizing the chemical 
compounds, the ions are separated and detected according to their mass to charge 
ratios. Among all the analytical methods, mass spectrometry is always considered to 
be highly specific and sensitive [2]. 
A mass spectrometry instrument always contains three main parts, which are 
ionization source, analyzer and detector [3]. For each part, there are several methods 
that exist. The samples introduced to mass spectrometry will be ionized by the 
ionization source first, and then be separated by the analyzer and detected by the 
detector at last [4]. 
The first mass spectrometer was made in 1919, which won the Noble prize in 1922. 
The mass to charge ratio (m/z) of ions is measured in mass spectrometry analysis. 
Compounds in samples get ionized by the ionization source to generate positively 
charged ions which hold different m/z. With the acceleration in electric field, the ions 
will generate an ion beam and enters the analyzer, where the same ions get focused 
and different ions are separated. The ions reach the detector at different times and 
their molecular weights can be measured. To get rid of the interference from the 
molecules in air, which may inhibit ions from traveling to the detector, the whole 
mass spectrometer system is usually kept under high vacuum [5].  
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By combining mass spectrometry with other separation techniques, a great progress 
was achieved in analytical science. Mass spectrometry is mostly used together as the 
detector with gas chromatography (GC), high performance liquid chromatography 
(HPLC) and capillary electrophoresis (CE). The mixture samples are separated by 
these methods following the mass spectrometry detection. In this way, the separation, 
qualification and on some degree, quantification can be achieved at the same time, 
with high accuracy and efficiency [6-7]. 
Ionization source 
There are many kinds of ionization sources developed for mass spectrometry, for 
example, traditional ionization methods such as electron ionization (EI) and chemical 
ionization (CI) and newly developed soft ionization methods such as matrix assisted 
laser desorption/ionization (MALDI), electrospray ionization (ESI) and fast atom 
bombardment (FAB). Since detailed introduction on MALDI will be provided later, 
the other methods will be shortly introduced here. 
Electron ionization 
Electron ionization is also called electron impact. In EI, the electrons generated from 
a filament are accelerated to 70 eV first. After concentrating these energized electrons 
into a beam, the sample in gas phase is bombarded by this beam. Under this condition, 
the interaction between energized electrons and gas phase molecules will take place, 
which will result in the ions to be generated [8]. 
In real applications, EI has many restrictions. First, the energy of the electrons affects 
the ionization efficiency strongly. If electrons do not have enough energy, the 
ionization efficiency will decrease significantly. This feature makes us to keep the 
electron energy high, which causes the second restriction that the samples must be 
thermally stable, which means that the molecular weight of samples cannot be too 





Chemical ionization is also a traditional ionization method used in mass spectrometry. 
In CI, reagent gas is necessary [11]. Reagent gas first gets preferentially ionization be 
the electrons entering ionization source and ionization plasma will be generated from 
this reaction [12]. Some widely used reagent gases are CH4, NH3 and isobutene. This 
ionization plasma will react with analyte molecules and cause the analyte to be 
ionized. Energy which takes part in the ionization process is much lower than EI, 
which result in less fragments and simpler spectrum [13]. There are mainly two 
variations of CI according to the reactions during the ionization, positive chemical 
ionization and negative chemical ionization [14].   
Electrospray ionization 
ESI is a kind of soft ionization method, which means that the analyte molecules 
generate much less fragments during the ionization process, since the reaction 
conditions are much milder than the methods that are introduced above [15]. 
According to this feature, ESI has been widely used for the detection of large 
biological molecules, such as protein and DNA [16]. 
In ESI, samples are dissolved in the solvent that is usually prepared by mixing water 
and volatile organic compounds like methanol or acetonitrile, which are also capable 
to provide protons during the ionization process. Some other compounds like acetic 
acid are also added into the solvent to increase the conductivity of the solvent. The 
sample solution goes through a capillary and is injected into a vacuum chamber by a 
needle. Solvent of this solution will evaporate to form small droplets and the droplets 
will be charged during the traveling and evaporation process. During the evaporation 
of solvent, the droplets will explode and generate more small droplets, which have 
small weigh and strong charge [17-18]. Because of solution samples can be directly 
introduced as sample, ESI can be easily combined with other separation methods, 
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such as HPLC, GC and CE to achieve highly automatic separation and detection for 
large molecules [19-21]. Meanwhile, ESI is one of the most essential tools for the 
research on the fold of proteins [22-24]. 
Different with other ionization methods, multiply charged ions can be generated with 
ESI, the mass range is largely extended. However, because of this feature, structural 
information obtained becomes poor for the ESI mass spectrometry detection. To 
overcome this drawback, ESI can be coupled with tandem mass spectrometry (ESI-
MS/MS). Another limitation of ESI is that since the solvent used must have low 
boiling point, such as acetonitrile and methanol, if the sample cannot dissolve in such 
solvents, this technique is difficult to be applied [25]. 
Fast atom bombardment 
FAB mass spectrometry is also known as liquid secondary ion mass spectrometry [26-
28]. Samples are dissolved in a non-volatile solvent, like glycerol, thioglycerol and 
diethanolamine, which is called a matrix. The matrix will protect the analyte 
molecules. Under high vacuum, a beam of neutral atoms with high energy, which is 
produced by accelerating ions from an ion source through a charge-exchange cell, is 
used to bombard the mixture of matrix and analyte. Ar and Xe are commonly used as 
the neutral atoms. Proton exchange will occur during the bombardment so that the 
analyte molecules can be protonated [29]. 
FAB is also one kind of soft ionization techniques. Fragments generated during the 
ionization process is also very few. As a result, FAB is useful for the detection of 
large molecules as well and it was firstly used to elucidate the amino acid sequence of 
the oligopeptide [30]. There are also some drawbacks of FAB. The most significant 
one is that FAB is difficult to be applied for the detection of low molecular weight 
compounds, since in the spectrum of FAB, too many signals which derive from the 




There are several kinds of analyzers used in mass spectrometry. The most common 
and being widely used ones are ion trap, quadrupole and time-of flight (TOF) mass 
analyzer. TOF will be introduced in other part so ion trap and quadrupole will be 
introduced here. 
Ion trap 
Ion trap is a traditional technique and firstly it was used for optimizing the detection 
accuracy of optical spectrometry. An ion trap is made up by a pair of ring electrode 
and two end cap electrodes. A fundamental radio frequency (RF) voltage is applied to 
the ring electrodes then a direct current voltage is applied. When ions generated by 
the ionization source enter the ion trap, by adjusting the RF and direct current 
voltages, the ions can be stably stored in the ion trap. By increasing the RF voltage, 
ions become unstable and are thrown out. With the increase of the RF voltage, the m/z 
of ions which is thrown out also increases. Using this phenomenon, ions can be 
separated and detected [32-33]. 
Furthermore, if an alternating current voltage is applied to the end cap electrodes, 
when the frequency consistent with the ion oscillation frequency, resonance will 
occur and increase the amplitude of the ions. At the same time, He is always added in 
the ions trap to decrease the kinetic energy of the ions generated from the ionization 
source so that the ion trap can capture ions more efficiently, and He also acts as 
collision gas. When the ions whose amplitudes are amplified by the resonance collide 
with He molecules, fragments of the ions will be generated and this phenomenon will 
help to the structural analysis of the sample ions.  
Compared with other kinds of analyzers for mass spectrometry, commonly ion trap is 
cheaper than the other ones. Moreover, it can easily be combined to triple mass 
spectrometry while the it becomes much harder for other techniques.  
Quadrupole mass analyzer 
9 
 
Just as the name indicates, quadrupole is made up by four cylindrical rods, which are 
set parallel to each other. In mass spectrometry, samples ions will be selected in the 
quadrupole according to their mass-to charge ratios (m/z) [34].  
For the four parallel metal rods in quadrupole, each two rods which is opposite to 
each other are connected together to make a pair so the four rods will be separated 
into two pairs. Then an RF voltage is applied between one pair of rods and another RF 
for the other pair. Meanwhile, a direct current voltage is applied onto the RF voltage. 
In this case, for the ions which travel between the rods in the quadropole, only ions 
which have a certain m/z are able to reach the detector at the end of quadrupole 
according to the voltages applied. On the hand, the trajectories of the ions which do 
not have suitable mass-to charge ratio will be become unstable and then those ions 
will collide with the rods. Because of this principle, quadrupole can be used for the 
selection of ions with a particular m/z and it is possible to scan for a range of m/z by 
changing the applied voltage continuously [35-36]. 
By setting three quadrupoles linearly, a triple quadropole can be formed. The first and 
third quadrupoles will perform the mass selection and the second quadrupole is used 
as a collision cell. Using the triple quadropole, the fragments which may containing 
structural information of the analyte molecules, because it is possible to perform an 
artificial fragmentation of the analyte molecule in the second quadrupole, after the 
analyte molecule is selected by the first one, and the fragments will be selected and 
detected by the third quadropole again. This technique can perform the qualification 
and quantification at the same time and has been widely used for the detection and 
determination of the structure of large molecules like proteins [37-38].  
The drawbacks of quadropole is that compared with TOF, quadropole has lower and 
sensitivity and the mass range is narrower. Comparing with ion trap, it is thought that 
ion trap has better performance on the qualification while quadropole has a better 
effect on the quantification. 
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2. Matrix assisted laser desorption/ionization (MALDI) time-of-flight 
(MALDI-TOF) mass spectrometry 
 
The technique of MALDI was firstly developed by Franz Hillenkamp, et al, in 1985 
and great progress was made by Tanaka in 1987, which leads him to the Nobel Prize 
in 2002 [39]. Compared with other soft ionization methods, the ionization conditions 
are even milder. This allows MALDI to be used for the detection of large 
biomolecules such as protein and DNA and for large organic molecules, MALDI is 
also available. MALDI is always combined with time-of-flight (TOF) analyzer so the 
term MALDI-TOF is the mostly used name for this technique. 
In MALDI, as the name tells, matrix is one of the most important materials which 
consist of crystallized molecules. Matrix used in MALDI always has the following 
features: (1) they have low molecular weight but they cannot evaporate during the 
sample preparation; (2) they have strong absorption in ultra violet (UV)-visible range; 
(3) they are usually acidic so that they are able to provide protons during the 
ionization process and (4) they always have polarized groups, allowing the 
application in aqueous solutions [40-42]. 
For MALDI-TOF detection, sample and matrix are firstly dissolved in a mixture of 
water and organic solvent, such as ethanol and acetonitrile, so that both hydrophobic 
and hydrophilic molecules can dissolve in this solution. Then sample and matrix are 
mixed on a plate which is used for the detection of MALDI. After the solvent 
evaporates, the plate is introduced into the MALDI instrument and a beam of laser 
will be irradiated onto the plate to induce the ionization process to occur. 
When the laser is irradiated onto the mixture of matrix and sample, matrix molecules 
will absorb the laser energy and transform the laser energy into vibration energy. This 
energy will be passed from one matrix molecule to another and at last to the analyte 
molecules in the samples. At the same time, a proton can be passed as well. If the 
energy that analyte molecule received is strong enough, it will transit to a very high 
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energy level which will make it to be desorbed and ionized from the mixture (Figure 
1-1). Compared with other ionization sources, the instrument is simpler and the ions 
generated are usually singly charged. This allows the analyte molecules to be detected 
in the terms of their molecular weights. On the other hand, because of the existence of 
matrix molecules, they are ionized at the same time during the ionization process. 
Moreover, since the matrix needs to have strong absorption in the UV-visible range, 
in order to transfer energy to the analyte molecules, they always absorb too much 
energy so that the fragmentation of matrix occurs frequently. As a result, the low 
mass range is always occupied by the fragment peaks, which makes the low 
molecular weight molecules difficult to be detected. 
After the molecules in the sample are ionized in the MALDI ionization source, they 
need to be separated by the mass analyzer. TOF is the most commonly used technique 
combined with MALDI. Ions generated by MALDI are accelerated by an acceleration 
electric field and enter the TOF analyzer for separation. The ions will be accelerated 
again by an electric field with certain voltage [43-45]. The potential energy of an ion 
in this electric field will be: 
       
At the same time, the kinetic energy the ion obtained during the acceleration is: 
   
 
 
    
Since    equals to   , we can combine these two equations: 
   
 
 
    
When the ion travels in the TOF tube, the time it costs to reach the end of the tube is 







If we change the equation into this form: 









Since the length of the tube, voltage and we suppose that all ions are singly charged, 
they can be considered to be constant values. So we can rearrange the equation into 
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From this equation we can see that the time that an ion takes to travel through the 
TOF tube is only determined by its molecular weight. As a result, ions of molecules 
with low molecular weights will reach the detector earlier while large molecules take 
longer time, so that the molecules can be separated according to their m/z and since in 
MALDI, ions are mostly singly charged, the molecules are actually separated 
according to their molecular weights. 
Compared with other analyzers, TOF has a much larger ranger of detectable 
molecular weights and the accuracy is higher. This is also the reason that TOF is 
always combined with MALDI since the variety of the ions that generated by MALDI 
is large and the molecular weights of analyte molecules are high. 
 
3. Mechanisms of ionization process in MALDI 
 
After about 30 years since MALDI was developed, many researches have been done 
on revealing the mechanism of the desorption/ionization process. According to the 
data obtained in these studies, there are mainly three representative models of the 
ionization process have been raised: (1) the photochemical model, (2) the cluster 
ionization model, and (3) the pseudo proton transfer model.  
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In the photochemical model of Ehring et al., the generation of a matrix cation, [m]+, 
by multi-photon matrix excitation is considered the initial process of MALDI. In this 
model, the processes of energy pooling and multiphoton absorption are explained to 
be the most important processes leading to the ionization of matrix molecule, while 
ions of analyte are produced by protonation or deprotonation from a collision process 
with a matrix ion to form a positive or a negative analyte ion [46]. However, 
compared with the ionization potential of most matrix molecules, the energy of two 
nitrogen laser photons is 7.36 eV, which is insufficient for the photoionization. So the 
two-photon ionization of a matrix molecule was considered to be doubtful [47] and 
the ionization efficiency should be quite low for a three photon ionization process. 
Because of the low efficiency which is caused by the limited number of excited 
matrix molecules, energy pooling processes should not be able to produce a large 
number of matrix ions. Furthermore, many phenomena observed in MALDI mass 
spectrometry detection cannot be explained with this model, such as “sweet spots” 
and matrix suppression effect [48]. 
To solve the problems in the photochemical ionization model, the cluster ionization 
model was introduced by Karas et al [49]. In the cluster ionization model, clusters 
between matrix and analyte are desorbed first by irradiation with an excitation laser. 
Upon multi-photon ionization of matrix in the clusters, the evaporation of neutral 
molecules, the dissociation of matrix molecules, and chemical reactions including 
ionization take place. This model supposes that in the matrix environment which is 
acidic, protonated analyte polymers should exist. Desorption of these clusters takes 
place during the laser irradiation. Then, the analyte ions are produced in the gas phase 
by the desolvation of neutral matrix molecules. This process is similar to the water 
desolvation for a typical ESI mass spectrometer. It has also been deduced with a 
molecular beam experiment that matrix cluster ions can be generated by laser 
excitation, which indicates that cluster ions could be the precursors of the analyte ions 
[50]. However, it cannot be proved that most analyte ions are generated from cluster 
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ions. Also, it is difficult to explain the reason that singly charged ions are the major 
products from the ionization process with this model, since multiply charged ions for 
large biomolecules exist extensively in the product of ESI, whose mechanism is 
similar with this model. Meanwhile, a clear explanation on sweet spots and the matrix 
suppression effect is still not introduced. 
Meanwhile, Chang et al. reported a model of pseudo proton transfer that occurs 
between a matrix and an analyte during crystallization [51]. It is assumed in this 
model that two analyte molecules share a proton through hydrogen bond in the crystal. 
Meanwhile, a matrix molecule close to this dimer is coupled to the bonding proton. 
When the laser is irradiated to this matrix molecule and the matrix molecule absorbs 
laser energy, it will be excited matrix molecule and it can transfer its energy to the 
analyte dimer through short range energy transfer mechanism, which causes the 
generation of one protonated and one deprotonated analyte ion at the same time. 
Furthermore, in order to explain the reason that always an equal amount of positive 
and negative ions were produced in the ionization process, they proposed an energy 
transfer induced disproportionation (ETID) model. Polymers of analyte molecules can 
be generated during the crystallization process in the sample preparation step. If two 
analyte polymers share a proton, energy can be transferred from a nearby excited 
matrix molecule to the polymer and results in the ionization of the polymer. Within 
the two polymers sharing a proton, it was considered that each polymer has the same 
possibility to receive that proton, so that the production of positive and negative 
polymer ions should be the same because of this heterogeneous sharing of the proton. 
Meanwhile, for monomer–dimer complex, which refers to the real case such as 
protein molecules form a monomer while matrix molecules form a dimer, the number 
of protons which are transferred from a monomer to a dimmer should be similar to the 
number of protons transferred from dimmer to a monomer. As a result, equal number 
of positive and negative polymer ions can be generated. 
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However, the effect of solvent during sample preparation is not considered in that 
model. Solvent has been proven to greatly influence the ionization process: an 
unsuitable solvent sometimes yields no result. Hazama et al. reported that they used 
H2O, methanol, ethanol, tetrahydrofuran and acetonitrile (ACN) as solvent separately 
and only H2O and ACN returned reasonable peak intensity while the other solvents 
results in very low peak intensities of all ions. Sadly, such influence from solvent was 
almost not discussed in the above three models. 
In addition to these models, we recently proposed (4) the analyte-support mechanism 
that shows that the stabilization of matrix molecule by an analyte having a large 
dipole moment is important for the ionization of the matrix molecule [52]. MALDI is 
generally used to detect non-volatile compounds, such as biopolymers.  Biopolymers 
are non-volatile because their large dipole moments enhance the interaction between 
molecules. Our proposed model has following mechanism: After the photoexcitation 
of a matrix molecule, intramolecular proton transfer takes place in the matrix 
molecule in the electronic excited state (ESIPT reaction [53-54]). The polarity of the 
analyte stabilizes the intramolecular proton transferred matrix molecule. Then, a 
proton from surrounding water molecules attaches to matrix to stabilize the charge-
separated species in the electronic excited state or the ground state. On the other hand, 
the mechanism of the desorption process remains unclear. In this regard, we proposed 
a possible desorption process based on exciton migration and vibrational energy 
transfer in organic crystals [55].  
 
4. Cyclodextrins and the their application in MALDI 
 
Cyclodextrins (CDs) were discovered as the product of amylose under the function of 
cyclodextrin glycosyltransferase which is produced in Bacillus [56]. They have been 
widely used for many purposes, such as food industrial and pharmaceutical 
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production[57]. The fundamental research on CDs started from 1930s and the 
industrial production of CDs was firstly achieved in Japan in 1960 [58]. CDs contain 
six to twelve α-D-glucopyranoside units and within these different kinds of CDs, the 
ones which have 6, 7 and 8 units were mostly studied and they were considered to be 
essential for application. They are called as α, β and γ-cyclodextrin, respectively. The 
structure of α-cyclodextrin is shown in Figure 1-2.  
According to the results of X-ray diffraction (XRD), infrared ray spectrometry (IR) 
and nuclear magnetic resonance (NMR), it was discovered that the units which make 
up the CDs are all in the chair conformation. Units combine with each other by the 
1,4-glycosidic bond to form the ring structure with a cavity inside. Since the units 
cannot spin freely, the structure of CDs is not cylindrical but conical [59-61]. 
In the structure of CDs, both rims of the cavity are made up by hydroxyl groups, 
which make these areas hydrophilic, while the inside of the cavity is shielded by the 
C-H bonds so that a hydrophobic area is formed. Because of this structure, CDs can 
work as containers to keep many kinds of molecules in the cavity, including organic, 
inorganic and gas molecules. The hydrophilicity of the rims and the hydrophobicity in 
the cavity enables CDs to selectively form clathrates and molecular assembly systems 
with those molecules under the effect of Van der Waals force, hydrophobic 
interactions and the matching effect between CDs and molecules in the cavity. This 
selectivity results in that CDs have some features like enzymes so they are considered 
to be a kind of ideal host molecules. Thus, in catalytic research, analytical research, 
food production and pharmaceutical research, CDs have been paid much attention to 
and widely used [62-63]. Furthermore, to improve the application and adjust the 
chemical feature of CDs, modification of CDs has become one of the most popular 
directions on the study of CDs [64]. 
In our research group, we have tried to use CDs in the detection of MALDI, but the 
purpose was not for chiral separation [65-67]. As it has been introduced above, 
detection of molecules with low molecular weight by MALDI mass spectrometry is 
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quite difficult because the matrix will generates a lot of fragments during the 
ionization process and these fragment peaks make the analysis of the low molecular 
region impossible. In order to overcome this drawback, many studies on suppressing 
the fragmentation have been performed. So far, there have been three kinds of 
methods introduced to achieve the purpose. They are: (1) applications of additives; (2) 
organic matrix free methods and (3) the combination of (1) and (2). Mixing additives 
with traditional matrix molecules to make a co-matrix is the most popular method. 
Many kinds of compounds have been tried to mix with matrix and carry out the effect 
on simplifying the mass spectrometry spectrum. Such compounds include phosphoric 
acid, ammonium salts, saccharides and many other compounds [68-70]. At the same 
times, the studies on matrix free methods were performed. It has been proved that the 
application of desorption/ionization on silicon (DIOS), silicon nanowires (SiNW) and 
nanostructure-initialtor mass spectrometry (NIMS) are effective methods for the 
purpose of smoothing the spectrum and suppressing the fragmentation [71-73]. 
Moreover, metal nanoparticles are considered to be effective as well, because of their 
special physicochemical properties, including large surface areas, thermal and 
electrical conductivities and size-dependent absorption. Nanoparticles of platinum, 
gold, silver, copper and iron and their oxides have been used to achieve the goal [74-
76]. Moreover, the combination of additives and organic matrix free methods was 
studied. In previous study of our group, we have reported the application of zeolite 
with silver and gold nanoparticles and the effect on suppressing fragment peaks and 
selective ionization on certain kind of compounds has been proved [77-78].  
So, the application of CDs in our group was as an additive aiming the suppression of 
fragment peaks and enhancing the peak of analyte molecules. We have studied α and 
β-CDs together with traditional organic matrices. It was considered that matrix 
molecules can enter the cavity of CDs so that they are protected during the ionization 
process, which results in the fewer fragment peaks. At the same time, CDs have very 
strong interactions with alkali metal ions. In the spectra of mass spectrometry with 
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common matrix, the intensities of alkali metal related peaks are always strong. With 
the application of CDs, these peaks are also suppressed significantly. The 
effectiveness of using CDs as an additive has been proved. However, the chiral 
separation was not studied at that time. 
 
5. Chiral molecules, chiral separation and the usage of Cyclodextrins 
 
Asymmetry means the absence of symmetry. When an object is under certain 
conversions, the same part of it repeats regularly, in another word, some parts are not 
changed, this object is called symmetric. Symmetry exist widely in the world, so at 
the same time, asymmetric is the same. Asymmetry in molecules is very common. 
Asymmetric molecules turn out to have isomers, which have the same molecular 
formula but different features. As a result, the term “chiral” in chemistry rise up from 
this phenomenon. 
Chirality was first discovered in 1815 when a beam of polarized light was irradiated 
onto different compounds, the light was rotated to different directions by molecules 
with different chirality. The term chirality was firstly introduced in 1894 and different 
enantiomers or diastereomers of the same compound were called as enantiomers 
because they have different optical properties. If rotated, including a rotation and a 
reflection in a plane, a molecule turns out to be the same molecule, then this molecule 
called to be achiral (not chiral). In another word, if the same molecule cannot be 
achieved after such rotation, this molecule is chiral [79].  
Chiral molecules have some special characteristics in reactions, especially for the 
enzyme reactions. The different behaviors of enantiomers in human bodies were 
discovered in 1960s. After some pregnant women took a kind of medicine, they gave 
birth to many deformed babies. The result of investigation on this medicine showed 
that the chemical in this medicine had two enantiomers. The R-type of this chemical 
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is medical effective, while the S-type will result in the deformation of babies. Also, 
from other studies it was understood that for amino acids, only the L-type can be used 
in the metabolism in biosomes, because the spatial structure decided that only L-type 
can be stabilized and catalyzed by the enzymes. From the knowledge, people started 
to realize that enantiomers may have great influence on human body and separation 
on chiral molecules has been paid lots of attention [80-81]. 
The most popular method for chiral separation now is to use some chiral selectors. 
These selectors need to be able to interact with target molecules and at the same time, 
since the structures of enantiomers are slightly different with each other, the strength 
of interaction with the selectors would not be the same. According to this 
phenomenon, many kinds of selectors have been applied and several kinds of 
techniques have been employed [82-83]. The most efficient methods among these are 
considered to be GC, HPLC and CE [84-85]. The selector can be dissolved together 
with the samples of in the buffer so that they can interact with each other during the 
separation process. Or the selector can be fixed onto the stationary phase of the 
capillary wall so that the isomer which has higher affinity with the selector will be 
slowed down during the separation. This technique has been widely used and 
validated and most of chiral separation in real study is achieved by these techniques. 
Based on their own features which are introduced above, CDs were thought to be 
available for chiral separations, since enantiomers do not have the same structure, so 
that after mixed with CDs, the interaction with CDs would not be the same. Then the 
isomers can be separated by selecting according to that difference. The study on the 
application of CDs in chiral separation has been carried out for many years and now 
they are being widely used in several separation techniques to achieve chiral 
separation, including HPLC and CE. In HPLC, CDs can be added into the sample 
solution to interact with sample molecules during the separation or be stabilized on 
the stationary phase in order to interact with sample molecules when they pass the 
stationary phase. In CE, similar with HPLC, CDs can be added into the running buffer 
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or stabilized on the capillary wall to perform the enantioselectivity (chiral selectivity) 
[86-89]. The application of CDs for chiral separation in these techniques has been 
proved to be effective and trustable. 
The mechanism of CDs for chiral separation is still under study but common accepted 
opinion is that the enantioselectivity of CDs are from their structures. So far, there are 
four possible mechanisms introduced by previous research. They are: (1) inclusion 
mechanism; (2) external association mechanism; (3) confirmation inducing 
mechanism and (4) interaction mechanism.  
For the inclusion mechanism, Armstrong et al. suggested that the mechanism of chiral 
separation using CDs is that the chiral points in CDs form inclusion complex with 
target molecules under the effect of π-π interaction and hydrogen bond interaction 
[90]. It was considered that this interaction could be rather strong, and such effect can 
occur not only in the cavity, but the surface of CD molecules as well, if the 
confirmations of CD molecules and the target molecules and interactions between 
them can occur. 
For the external association mechanism, the mechanism was also introduced by 
Armstrong [90]. In this mechanism, it was explained as that target molecules form 
incomplete inclusion complex with CDs. The condition for the interaction to occur is 
that a strong interaction, including hydrogen bond and dipole moment interactions, 
between these molecules is necessary. Compared with HPLC, the interactions are 
weaker in GC and many thermodynamics data were obtained based on the inclusion 
effect. 
Venema et al. proposed the confirmation inducing mechanism [91]. In this model, it 
was considered that when the target molecule gets close to a CD molecule, the target 
molecule would have inductive effects on the CD molecule, which makes the 
confirmation of CD to change to a state which is more suitable for the target molecule, 
so that the interaction between CD and target molecule is enhanced.  
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Also from Venema et al., the interaction mechanism was raised [92]. CD molecules 
were considered as host molecules and the target molecules as guest molecules. The 
interaction between the host and the guest achieve the separation of the guest 
molecule. This interaction includes Van der Waals force, hydrophobic interactions, 
dipole moment interactions and the matching effect between CDs and target 
molecules. 
Above all, there has been no consensus on the mechanism deducing the 
enantioselectivity of CDs. According to the data so far, the mechanism of 
enantioselectivity differs with the type and derivative of CDs and the target chiral 
molecules. However, it has been revealed that the adaptation between the 
conformation of CDs and chiral molecules and the strength of the interaction play the 
most important role for the separation of chiral molecules. 
To improve the enantioselectivity of CDs, modifications on CD molecules have been 
carried out for many years. Each α-D-glucopyranoside unit has 5 chiral carbon atoms 
and this structure is thought to be the key factor for the enantioselectivity and by 
performing the derivatization on the C-2, C-3 and C-6 –OH group, the diameters of 
the two rims and the size of the cavity can be modified. This feature enables CDs to 
be stabilized to the stationary phase for HPLC or the capillary wall for GC and CE. 
Furthermore, the derivatization on the –OH groups by other groups have been paid 
more attention. There are two directions of the modification. One is that all –OH 
groups are replaced by the same group, such as alkyl groups including methyl, ethyl, 
butyl and amyl groups. Dai et al. performed such research and discovered that ethyl β-
CD has the best separation effect [93].  The other direction is that the –OH groups on 
the C-2 and C-3 are replaced by one group and –OH group on C-6 is modified by 
another, or C-2 and C-6 the same, C-3 different. By using this method, Ramos et al. 
reported that the enantioselectivity was decided by the space confirmation of the 
compounds by using 2,3-dimethyl-6-tertbutyldimethylsilyl-β-CD as the chiral selector 
for the separation of derivatives of γ-butyrolactone and polarity change after the 
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modification of the alkyl groups almost had no effect. It was concluded as that the 
inclusion effect is more important than the polar interaction outside the cavity of CD 
under this situation [94].  
 
6. This study 
 
In this study, there are mainly two parts. The first part is about the mechanism of 
ionization process in MALDI. As it has been introduced above, a new “analyte-
support” mechanism explaining this process was raised by our group, but the 
relationship between matrix and analyte molecules was not fully studied. At the same 
time, the effect of solvent was not well understood. So this work was focused on the 
validation of this model and tried to provide more experimental evidence supporting 
this mechanism and trying to have a clearer view on this model, accompanied with the 
discussion on the effect of solvent. In this study, after the recrystallization of the 
mixed crystal of matrix and analyte, scanning electron microscopy (SEM), diffuse 
reflectance spectroscopy, Raman spectroscopy and MALDI mass spectrometry were 
employed, and according to the data obtain using those methods, a more complete 
explanation on this new model was achieved. Meanwhile, the effect of solvents on 
MALDI detection was also studied and discussed, with a conclusion that existence of 
proton donor in the solvent is necessary. 
The second part is about the application of MALDI for the chiral separation. Since no 
research has been done on such field, we want to make some breakthrough effort in 
this application. By using CDs as additive, chiral separation of amino acids with 
different chirality was assayed. α and β-CDs were employed in this study. Several 
mixing ratios of matrix/CDs/analyte were studied and different pretreatment methods 
were compared. By analyzing the spectra obtained, the difference on the behaviors of 
amino acids with different chirality was found. From this result, the possibility of 
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using CDs to achieve chiral separation in MALDI was proved. Furthermore, by 
calculating the size of matrix molecules, analyte molecules and the cavity of CDs, the 
possible reason on the enantioselectivity was also revealed. It was considered that 
after determining the interaction efficiency of amino acids with different chirality, the 







Figure 1-1: A simple model of the working scheme of MALDI. 
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Many researches on the desorption/ionization process of MALDI have been done 
since the invention of MALDI. However, so far no model which can explain all the 
phenomena occurred in MALDI detection has been introduced. To have clearer views 
on the mechanism of desorption/ionization process in MALDI, we have introduced a 
new analyte-support mechanism in previous study. In this study, by using 2,4,6-
trihydroxyacetophenone (THAP) and different kinds of analyte molecules such as 
Angiotensin II (AngII), evidence supporting this model was gathered and the 
validation of this model was accomplished. Meanwhile, n-tetracosane (Tet), one kind 
of alkane, which has low dipole moment, was used as negative control. Crystal shape 
changing of THAP after mixed with high amount of AngII was observed using 
scanning electron microscopy and a new band appeared in diffuse reflectance 
spectrum around 600 to 800 nm. Change of absorption band of THAP after mixing 
with AngII in Raman spectra was also observed. Furthermore, three main phenomena 
were observed in MALDI-MS measurements, which includes that when increasing 





 decrease at the same time, (2) to obtain a similar peak intensity of 
[analyte+H]
+
 with low mixing ratio, higher laser power is necessary, and (3) the peak 




 increases significantly.  
To validate these results, α-Cyano-4-hydroxycinnamic acid (CHCA) was used as 
matrix and Substance P (SubP) was used as analyte. For SubP/THAP samples and 
SubP/CHCA samples, the same experiments were carried out, which turned out to 
have similar phenomena. Results from experiments provided direct evidence showing 
36 
 
that the interaction among polar analyte, matrix, and water molecules is important for 






Matrix-assisted laser desorption/ionization (MALDI) is one of the soft ionization 
methods that do not decompose analyte molecules during the ionization process. As a 
result, analyte molecules can be detected at the terms of their molecular weights when 
it is used in combination with a mass spectrometer [1]. Because of this feature, 
MALDI has been widely used for the detection of proteins and other biological 
molecules since they are easily degraded by conventional laser desorption/ionization. 
However, in the presence of matrix molecules, analyte molecules can be ionized 
without degradation. As a result, MALDI has become one of the most essential tools 
for analyzing biopolymers in biological and pharmaceutical research [2-4].  
However, there are still some drawbacks of MALDI. The most important ones are, the 
reproducibility of MALDI is low and when choosing suitable matrices for certain 
analyte molecules, the choice is usually done based on experience. Lack of 
reproducibility makes the quantitative application of MALDI difficult to be achieved, 
and the difficulty in selecting suitable matrix causes that the detection methods need 
to be set up for every different kind of molecules.  
The reason for those problems is considered to be that the mechanism of the 
ionization process in MALDI is not fully understood. To overcome these drawbacks, 
many researches on the desorption/ionization mechanism has been carried out 
extensively. According to the results of these researches, three representative models 
of the ionization process have been raised: (1) the photochemical model, (2) the 
cluster ionization model, and (3) the pseudo proton transfer model. In the 
photochemical model of Ehring et al., the generation of a matrix cation, [m]
+
, by 
multi-photon matrix excitation is considered the initial process of MALDI [5]. In the 
cluster ionization model of Karas et al., clusters between matrix and analyte are 
desorbed first by irradiation with an excitation laser. Upon multi-photon ionization of 
matrix in the clusters, the evaporation of neutral molecules, the dissociation of matrix 
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molecules, and chemical reactions including ionization take place [6-8]. Meanwhile, 
Chang et al. reported a model of pseudo proton transfer that occurs between a matrix 
and an analyte during crystallization. In that model, a proton in the matrix is 
dominantly shared with the basic site of the analyte [9].  
However, there are always phenomena which cannot be explained by these models. 
Meanwhile, the effect of solvent during sample preparation is not considered in that 
model. Solvent has been proven to greatly influence the ionization process. An 
unsuitable solvent sometimes yields no result [10] in MALDI mass spectrometry. To 
make a more complete conclusion and deeper understanding on the 
desorption/ionization process, in addition to the above models, we recently proposed 
(4) the analyte-support mechanism. In this model, it is shown that the stabilization of 
matrix molecule by an analyte having a large dipole moment with the existence of 
water molecules is the most important interaction for the ionization process in 
MALDI [11].  
According to our model, the reason that MALDI is generally used to detect non-
volatile compounds, such as biopolymers, is explained, because the large dipole 
moments of non-volatile compounds enhance the interaction between molecules. Our 
proposed model has the following mechanism. After the photoexcitation of a matrix 
molecule, intramolecular proton transfer takes place in the matrix molecule in the 
electronic excited state (ESIPT reaction [12,13]). The polarity of the analyte stabilizes 
the intramolecular proton transferred matrix molecule. Then, a proton from 
surrounding water molecules attaches to matrix to stabilize the charge-separated 
species in the electronic excited state or the ground state. On the other hand, the 
mechanism of desorption process remains unclear. In this regard, we proposed a 
possible desorption process based on exciton migration and vibrational energy 
transfer in organic crystals [14].  
To validate and provide more evidence for this analyte-support mechanism, in this 
study, we carried out diffuse reflectance spectroscopy, scanning electron microscopy 
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(SEM), and MALDI mass spectrometry measurements. 2,4,6-trihydroxyacetophenone 
(THAP) was used as the matrix molecule for measuring a model peptide (Angiotensin 
II; AngII). THAP was considered to be one of the best the most suitable matrices for 
the analysis of many kinds of analyte molecules, such as oligosaccharides [15]. 
Angiotensin is a kind of oligopeptides, which exists in animal bodies and plays 
important roles as peptide hormones [16-18]. There are four kinds (I~IV) of 
angiotensins observed and they all derived from angiotensinogen, which is produced 
by liver. Angiotensins contain 6 to 10 amino acids and they are widely used as a 
model analyte molecule for the detection with MALDI mass spectrometry because of 
their molecular weights and the feature that they can be easily detected [19-21]. By 
using these materials, we used proposed a new MALDI mechanism in which 
stabilization of the matrix molecule by the presence of a polar analyte molecule is 
necessary for the ionization or protonation of matrix molecule. SEM images of mixed 
crystals containing matrix and analyte molecules were discussed in relation to the 
mass spectrum. 
We first observed the crystal shape change of THAP when AngII was mixed using 
SEM. Then in the diffuse reflectance spectrum of the mixed sample, a new band 
around 600 to 800 nm, which was the absorption band of the matrix molecule 
stabilized by the large dipole moment of the analyte, was observed. Meanwhile, 
Raman spectroscopy was applied to provide supplementary information on this 
stabilization. Furthermore, evidence from mass spectra also indicated that matrix 
molecule stabilization by a polar analyte is necessary for the ionization (protonation) 
of matrix molecules. SEM images of Mixed crystals (mixed crystals of matrix and 
analyte) were discussed in relation to the mass spectrum. Meanwhile, the effect of 
solvents on the ionization process was also discussed in this study and the importance 





2. Experimental section 
 
2.1. Production of Mixed crystals 
For the production of Mixed crystals, 2,4,6-trihydroxyacetophenone (THAP) was 
used as the matrix. Forty milligrams of THAP (Sigma) was weighed and ground in a 
mortar and pestle. Two model peptides, AngII and Substance P (SubP), were used as 
the analyte. Eight milligrams and 1.6 mg of analyte [AngII (Calbiochem) or SubP 
(Calbiochem)] were mixed with THAP to achieve analyte: THAP mixing (weight) 
ratios of 0.2:1, and 0.04:1, respectively. To make Mixed crystals having a 1:1 mixing 
ratio, 4 mg of AngII or SubP and 4 mg of THAP were mixed. Then, 10 ml of water-
acetonitrile (ACN) mixed solvent (H2O:ACN = 3:7 in vol.) was added. After 
sonication for 10 sec, the mixed solutions were stored under a fume hood for solvent 
evaporation. Another Mixed crystal was prepared with THAP and n-tetracosane (Tet). 
THAP and Tet (Tokyo Kasei) were mixed and acetone was used to dissolve the 
mixture as Tet was not soluble in the H2O-ACN mixed solvent. The mixed solution 
was stored under a fume hood for solvent evaporation.  
2.2. Scanning electron microscopy 
Solutions of AngII/THAP with different mixing ratio (THAP only, 0.2:1 and 1:1) 
were prepared and the concentration of THAP in all samples was adjusted to 2 mg/ml. 
2 µl of each sample was dropped on the sample plate and observed with the SEM 
instrument after the solvent had completely evaporated. 
2.3. Diffuse reflectance spectroscopy and Raman spectroscopy 
After the mixed crystals were obtained, diffuse reflectance spectra of each mixed 
sample were detected using JASCO V-650 spectrometer (JASCO, Japan). Before 
taking the spectra, each sample was transferred into a mortar and carefully grinded for 
15 min to make all samples have the same status. The spectra of THAP, Ang II, Sub P 
and Tetracosane were obtained as well. The K-M spectra from 190 nm to 900 nm 
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were measured. The subtraction was performed while the spectrum of THAP only 
was used as the background. 
The Raman spectroscopy was performed with a homemade instrument. Lasers with 
wavelength of 488 and 633 nm were employed as the excitation light. About 1 mg of 
mixed crystal which was produced in the recrystallization step was put onto a glass 
slide which is used for common microscope. Raman spectra were obtained with the 
instrument. Exposure time for each spectrum was set to 2 seconds. Each Raman 
spectrum was obtained as the accumulation 150 exposures. 
2.4. Mass spectrometry 
Mixed crystals of AngII/THAP, SubP/THAP, and Tet/THAP with mixing ratios of 
0.04:1, 0.2:1 and 1:1 (w/w) were dissolved in the mixed solvent (H2O:ACN = 3:7 in 
vol.) and the concentration of THAP in the solutions was kept to 4 mg/ml. Two 
microliters of solution was added to a sample plate to evaporate the solvent. The plate 
with obtained crystals was subjected to laser desorption/ionization mass spectrometer 
(MALDI micro MX, Waters). A nitrogen laser with wavelength at 337 nm was used 
for excitation. Laser frequency was set to 10Hz and the duration of each shot was 2.5 
ns. The diameter of laser spot was ~ 200 µm. Each mass spectrum was obtained as the 
average of spectra taken by 750 laser shots with changing the excitation position. 
 
3. Results and discussion 
 
3.1. Shapes of Mixed crystals 
To produce crystal available for following study, the suitable experimental conditions 
were discussed first. Since evaporation speed affects the shape of the crystal obtained 
very much, studying the influence of evaporation was considered to be necessary. 
THAP solution in H2O/ACN was added into a sample bottle and a beaker and the 
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containers were put into a fume hood. It can be understood that the evaporation in 
sample bottle would be slow and fast for the beaker. After the solvent completely 
evaporated, the crystals were collected and these two methods were compared.  
In Figure 2-1(a) we can see that on the left were the crystals obtained in beaker and 
the crystals obtained in sample bottle was on the right. It is obvious that crystal 
obtained in beaker is much thinner and shorter. To check whether these crystals have 
different physical and chemical features, diffuse reflectance spectra of these crystals 
were taken. The result is shown in Figure 2-1(b) and we can see that no band shape 
was different between these two methods and fast evaporation even caused a higher 
absolute intensity. As a result, it is considered that the fast evaporation is suitable for 
the following research.  
In order to see the effect of analyte molecules on crystal shape, the mixed crystals 
were observed with an SEM instrument. Figure 2-2 shows the SEM images. As we 
can see that the SEM images of AngII/THAP crystals with mixing ratios of 0.04:1 and 
1:1 are shown in Figure 2-2(b). The 0.04:1 crystals were thicker and bigger than the 
THAP only crystals shown in Figure 2-2(a), whereas the 1:1 crystals were roundish 
and had no needle-like shape, as shown in the magnified image. Similar results were 
obtained when the analyte was changed to SubP (Figure 2-2(c)). Therefore, the 
needle-like crystals of THAP changed on mixing with analyte molecules; the crystals 
became sparse and thick when the analyte ratio was low, whereas a high analyte ratio 
completely inhibited crystal formation. It should be noted that those changes in the 
crystal structure are not due to the solvent evaporation time. We conducted SEM 
measurements of crystals subjected to a short solvent evaporation time; however, we 
could not observe any substantial differences in the crystal structures. Therefore, the 
observed changes in crystal shape might be due to the interaction between matrix 
(THAP) and analyte molecules via the remaining solvent. In our previous study, we 
found that AngII and SubP have large dipole moments [11]. Chemical groups having 
high polarity, such as –NH4, -OH, and -COOH, may form hydrogen bonds easily with 
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THAP molecules and therefore, the matrix molecules are stabilized by the analyte 
polarity. As regards the effect of the high mixing ratio, it is assumed that because too 
many THAP molecules are stabilized by the analyte and the solvent, sites vital to 
maintaining the shape of the needle-like crystals are blocked, resulting in the 
formation of shapeless crystals.  
3.2. Diffuse reflectance spectra and Raman spectra 
In order to clarify the stabilization of matrix molecules by analyte polarity, diffuse 
reflectance spectroscopy was carried out. In Figure 2-3, the diffuse reflectance spectra 
of THAP, AngII, SubP and Tet were shown separately. For THAP, AngII and SubP, 
characteristic bands were observed in the UV region and no band was found at 
wavelengths longer than 500 nm. AngII and SubP have the significant feature with 
the other poly peptide that they have the absorption around 205, 260 and 280 nm. No 
significant band was observed for Tet. Diffuse reflectance spectroscopy was also 
carried out for mixed crystals of AngII/THAP. To observe the spectral changes 
clearly, the spectrum of THAP (only) was subtracted from that of AngII/THAP 
(mixing ratio = 1:1) and the result is shown in Figure 2-4. As it has been shown in 
Figure 2-3, no band at wavelengths longer than 500 nm was found in either THAP 
only or AngII only. However, AngII/THAP has a new band appearing around 600 to 
800 nm in contrast. Meanwhile, the band intensity around 400 nm, which is due to 
THAP molecule, decreased obviously. Judging from these facts, it can be surmised 
that the band around 600 to 800 nm can be assigned to the interaction, in this case, 
stabilization of THAP molecules by the peptide, AngII. At the same time, the 
subtracted spectrum (Tet/THAP – THAP) is also depicted in Figure 2-4. This 
spectrum has no band that indicates the stabilization of THAP, either around 400 nm 
or 600 to 800 nm. To validate this result, SubP/THAP crystal was measured as well. 
In Figure 2-5 it can be seen that compared with Tet/THAP, although not as obvious as 
AngII/THAP, a tiny band around 700 nm was visible and the stabilization of THAP 
was considered to be observed in this spectrum. The reason that SubP/THAP crystal 
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did not perform similar with AngII/THAP crystal was considered to be caused by the 
crystallization status. The recrystallization of crystals with high mixing ratio of 
analyte was more difficult than the low mixing ratio one, so that individual difference 
may exist among samples. 
In the previous section, we mentioned that chemical groups having high polarity in 
the peptide can take part in the formation of hydrogen bonds with THAP, and random 
complexes between AngII (or SubP) and THAP are expected because shapeless 
crystals were obtained, as shown in Figure 2-4. From the spectral line shape of the 
newly appearing band around 600 to 800 nm, we assumed that the formation of 
hydrogen bonds among AngII (or SubP), THAP, and water molecule occurred at 
specific sites rather than randomly, although we cannot identify those sites at this time.  
To investigate more detailed information about the interaction between AngII and 
THAP, The Raman spectra of mixed crystals with the excitation light at 633 nm were 
measured first, since it locates in the newly appeared absorption band between 600 
and 800 nm. However, as it is shown in Figure 2-6(a), the detection range was small 
and the noise was high, which resulted in the low intensity of all samples and very 
poor information can be achieved from these spectra, and the reason of this result was 
considered to be caused by the imperfect of the homemade instrument. 
To try to search for more available information, instead of 633 nm laser, laser at 488 
nm was applied to check the differences among the crystals (Figure 2-6(b)). It can be 
understood that between 1300 and 1600 wavenumbers, a broad band increased 
between 1300 and 1500 cm
-1
 after mixed with Ang II and two sharp band appeared at 
1525 and 1575 cm
-1
 in both AngII/THAP and SubP/THAP samples, compared with 
THAP only and Tet/THAP. Since it was difficult to perform the normalization of all 
samples, the total intensity of SubP/THAP is much lower than AngII/THAP sample. 
However, considering that the THAP/Sub P sample showed the absorption band 
between 600 and 800 nm as well, although much lower than AngII/THAP, it is 
reasonable to predict that stabilization of matrix molecules by analyte molecules also 
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occurred in the SubP/THAP sample, same as AngII/THAP. On the other hand, Tet 
has no groups with large dipole moment, which results in no significant band shift in 
Raman spectrum, indicating that the stabilization did not occur in this mixture. This 
result coincides with the data obtained from diffuse reflectance spectroscopy. 
3.4. Mass spectrometry 
Figure 2-7 shows the mass spectra of AngII (m.w. 1046)/THAP, which were obtained 
by changing the mixing ratio and the laser power for excitation. The size of laser spot 
was not changed in all experiments so that we changed the laser fluence by changing 





 were high as observed at the laser power of 





 was 0.43. When a crystal with the mixing ratio of 0.2:1 was 
used, the spectral intensities decreased remarkably, as shown in Figure 2-7(d). After 
increasing the laser power to 9.3 µJ (Figure 2-7(b)), the absolute peak intensity of 
[AngII+H]
+
 became nearly equal to that in Figure 2-7(e), showing that about equal 





 slightly increased to 0.74. The same tendency was observed 
for AngII/THAP with the mixing ratio of 1:1. When a crystal with the mixing ratio of 
1:1 was excited at the laser power of 6.7 µJ, the peak intensity of [analyte+H]
+
 
decreased significantly and peaks of matrix molecules and their fragments were 
hardly recognized (Figure 2-7(c)), but when the laser power of 10.4 µJ was used, as 
shown in Figure 2-7(a), no matrix-oriented peaks were observed whereas the peak 
intensity of [analyte+H]
+
 increased. Since the low peak intensity of [THAP+H]
+
, the 
calculation of peak intensity ratio is considered to be unnecessary to be performed and 
from those results, the following could be fairly deduced: When the amount of analyte 





but (2) higher laser power is necessary to obtain an adequate peak intensity of 
[analyte+H]
+




 increases.  
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Those phenomena were also observed when another peptide, SubP, was used as the 





 were observed at the laser power of 6.7 µJ, as shown in Figure 2-









 were decreased by increasing the amount of 
SubP (Figure 2-8(c)) if the same laser power was applied. When the mixing ratio of 
SubP and THAP was 1:1, almost no peak was detected, which means a large 
excitation power necessary to observe the mass peaks. As it is shown in Figure 2-8(a), 





 increased significantly to 4.02, about five times higher than 
the 0.04:1 sample.  
When Mixed crystals were produced with non-polar analyte Tet (m.w. 338.7), 
however, the phenomena in Figs. 2-7 and 2-8 were not observed. The mass spectra of 
Tet/THAP are shown in Figs. 2-9. Three mixing ratios of Tet and THAP (0.04:1, 
0.2:1, and 1:1) were used and the mass spectra were measured at the excitation power 
of 6.7 µJ. Contrary to the results of polar analyte, the peak of [THAP+H]
+
 was 
observed even throughout all mixing ratios, while analyte-related peaks, such as the 
[Tet+H]
+
 peak, were not detected. It is understood that those differences between Figs. 
3 and 4 originate in differences in the chemical properties of the analyte used.  
To validate if these phenomena are specific for the matrix THAP, α-cyano-4-
hydroxycinnamic acid (CHCA) was used as matrix to detect SubP. Similar with 
experiments introduced above, three mixing ratios (0.04:1, 0.2:1 and 1:1) were tested. 
CHCA has much higher absorption at 337 nm so the laser power necessary was 3.6 µJ 
and it was observed that generation of CHCA crystal was not inhibited by large 
amount of SubP, so that as it is shown in Fig 2-10, the intensity of [CHCA+H]
+
 did 





 increased obviously with the increase of the mixing ratio, 
which coincides with the results obtained above.  
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3.5. Mechanism of MALDI 
3.5.1 Analyte-related ion 
According to these results, we explain the observed results with the illustration in 
Figure 2-11. When the amount of analyte is small, one analyte molecule is surrounded 
by many matrix molecules, so that the crystals of matrix were generated easily, which 
results in a higher laser absorption. As a result, upon photoexcitation of a Mixed 
crystal, the generated exciton moves through the crystal to localize at the matrix 
molecule adjacent to the analyte, as that matrix molecule is stabilized by the large 
dipole moment of the analyte and functions as a trapping site for the generated 
exciton. In the matrix molecule adjacent to the analyte and electronically excited by 
the exciton localization, intramolecular proton transfer (ESIPT) reaction takes place 
and the matrix molecule receives a proton from the surrounding solvent with the help 
of the analyte. We named this process “analyte-support mechanism” in our previous 
research [11]. Of course, excitons can be trapped at matrix molecules in defect sites in 
general. If excitons are trapped in matrix molecule whose potential energy is lower 





(“dimer mechanism”), or deactivate with the production of excess vibrational energy 
in the electronic ground state. After intramolecular vibrational relaxation (IVR), the 
vibrational energy is converted into the intermolecular vibrational mode between the 
matrix and the analyte. Multi-quantum excitation of the intermolecular vibrational 
mode breaks the intermolecular bonding to desorb the analyte from the Mixed crystals. 
On the other hand, when the amount of analyte is increased, the number of matrix 
molecules around the analyte is small. In this case, it is more difficult for the crystal 
of matrix to be generated and to excite the intermolecular vibrational mode. If the 
mixing ratio of analyte and matrix is 1:1, there would be few matrix molecules next to 
one analyte molecule. Under this situation, only a few matrix molecules are able to 
perform the energy transfer to a certain analyte molecule and since the crystal of 
matrix the energy transfer efficiency is decreased, resulting in the significant decrease 
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in peak intensity of the analyte-related ion. Therefore, the detection of [analyte+H]
+
 
under low laser power becomes more and more difficult with increasing amount of 
analyte.  
3.5.2 Matrix-related ion 




 was increased with the increase 
of the mixing ratio of analyte; whereas the peak intensity of [matrix+H]
+
 was 
decreased. This suggests that the number of matrix molecules interacting with 
(stabilized by) the polar analyte was increased, and therefore the number of 
[matrix+H]
+
 should be decreased as the matrix molecules near the analyte would be 
deactivated by the energy transfer to the surroundings. It has been indicated that the 
generation of homogenous needle-like crystal of THAP promotes the ionization 
efficiency in MALDI [22], and our result coincides with this conclusion, which means 
because of the stabilization of THAP molecules, the generation of the crystal was 
inhibited, which was confirmed with SEM, so that the ionization efficiency which can 
be affected by the absorption of laser energy and the energy transfer, decreased 
significantly in the high mixing ratio samples. However, in the case of the low mixing 
ratio of analyte, the matrix molecules are close to each other and dissociation between 




. This was easily 
confirmed by the spectra taken in the negative ion mode. Figure 2-12(a) shows the 
mass spectra of AngII/THAP with the mixing ratio of 0.04:1 (6.7 µJ). Not only the 
peak of [THAP-H]
-
 but also that of polymer ion, such as [2THAP-H]
-
, was observed. 
In particular, the peak intensity of [2THAP-H]
-
 was high; it was almost one-third of 
the peak intensity of [THAP-H]
-
. This result clearly shows that dissociation between 
matrix molecules occurs when the amount of analyte is small. However, when the 
amount of analyte increases, the number of THAP molecules closely locating to each 
other decreases and this dissociation reaction is suppressed; which will result in a 
significant decrease of the peak intensity of [THAP-H]
-
. Figure 2-12(a) shows the 
mass spectrum of AngII/THAP with the mixing ratio of 1:1. The spectrum was 
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measured at the excitation power of 10.4 µJ, the same condition as that for 
observation in the positive ion mode (Figure 2-7(a)). The matrix-related peak, 
[THAP-H]
-
, was very small. Finally, we should mention that the observed phenomena 
are not specific for THAP. We were able to observe similar phenomena when CHCA 
was used as the matrix in both positive and negative ion modes (Figure 2-13). 
Therefore, we consider that the stabilization of matrix molecules by polar analyte and 
water molecules is the mechanism in MALDI.  
3.5.3 Effect of solvents 
To confirm the effect of solvents, several experiments were carried out. Firstly, to 
study the origin of the band around 600 to 800 nm in the diffuse reflectance spectrum 
of AngII/THAP, which is shown in Figure 2-4, the solvent was changed from the 
H2O-ACN mixed solvent, which was also the solvent for MALDI samples, to ethanol 
(EtOH). After the recrystallization, the diffuse reflectance spectrum was taken. In the 
subtracted spectrum shown in Figure 2-14, the band around 600 to 800 nm could not 
be observed, indicating that a solvent which has weaker polarism is difficult to 
stabilize THAP molecules. Therefore, the new band assignable to THAP molecule 
was stabilized by not only polar analyte but also water molecules remaining in the 
mixed crystals.  
In our analyte-support mechanism, when an analyte molecule receives one proton, it 
is considered to two steps. The first step is matrix molecules which is stabilized by 
analyte molecule is photoexcited and traps the exciton. At this moment, this matrix 
molecule obtain one proton from the solvent around it and generates [matrix+H]
+
. The 
second step is that one proton detaches from [matrix+H]
+
 and adduct to the analyte 
molecule to form [analyte+H]
+
. From this process we can see that the existence of the 
proton donor around the excited matrix molecule is one of the most important factors 
in this process. It is common that for the detection of some large molecules and 
molecules which are difficult to be ionized, compounds like trifluoroacetic acid 
(TFA) are often added into the solvent as an additive, because they have strong 
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abilities to provide protons and with the help of these special proton donors, analyte 
molecules can always be detected with a high intensity [23]. 
To confirm such hypothesis, using other solvent and analyze the result was necessary. 
Considering the real experimental conditions, the proton donor would be the water 
molecules which are contained in the solvent and remain after the solvent evaporates. 
As a result, EtOH and ACN only were employed as the solvent, separately. The result 
is shown in Figure 2-15. For comparison, the spectrum of AngII/THAP using H2O-
ACN (Figure 2-7(e)) is also included. As we can see, after changing the solvent from 
H2O/ACN to ACN only, all peaks were suppressed (Figure 2-15(a)), which indicates 
that not only the analyte molecules but matrix molecules were not able to receive a 
proton as well. Meanwhile, for the case of using EtOH as the solvent, peaks could be 
detected at low intensities (Figure 2-15(b)). EtOH has a –OH group, which has the 
ability to provide a proton, although the ability is much lower than H2O. As a result, 





 could be detected with about 1/9 intensities of those 
when H2O/ACN was used. Results from other research also showed that similar with 
ethanol, it is possible to use methanol as the solvent for the detection in MALDI, but 
the total intensities would be much lower than H2O/ACN. This result was in accept 
with past researches [24]. For common neutral solvent, water molecules have the 
highest polarity and the ability of provide proton. On the other hand, many 
hydrophobic molecules, which include many kinds of matrix, are soluble in ACN. 
These facts make the mixed solvent of H2O/ACN the most widely used solvent in 
MALDI. Result from this study once again revealed the importance of the existence 
of water molecules in the solvent and the solvent molecules must have the ability to 








The interaction of matrix molecules with polar analyte and water molecules and the 
resulting stabilization of the matrix molecules, which are important processes for 
MALDI, were probed by spectroscopic methods. In the SEM images, the needle-like 
crystals of THAP became roundish by mixing analyte molecules. A low mixing ratio 
of the analyte caused the crystals to become sparse and thick, whereas a high mixing 
ratio of the analyte inhibited crystal formation. At a high mixing ratio of the analyte, 
many THAP molecules are stabilized by the polar analyte and water molecules and 
sites important for the retention of the shape of the needle-like crystals are blocked, 
resulting in roundish crystals. In the diffuse reflectance spectra, a new band 
assignable to THAP stabilized by the polar analyte (peptide) and water molecules was 
observed around 600 to 800 nm, whereas THAP alone and peptide alone showed no 
bands at wavelengths longer than 500 nm. When the amount of analyte was increased, 





 decrease concomitantly, (2) to obtain a similar peak 
intensity of [analyte+H]
+
 with low mixing ratio, higher laser power is necessary, and 




 increases significantly. 
Furthermore, the effect of solvents was discussed in this study as well. The existence 
of proton donor in the solvent was proved to be necessary and H2O/ACN was 
confirmed to be a practical effective solvent. The observed results offer strong 





























Figure 2-1: (a) Photo of THAP crystals produced with fast crystallization (left) and 









Figure 2-3: Diffuse reflectance spectra of THAP, AngII, SubP and Tet separately. 
 



















































































Figure 2-6: Raman spectra of mixed crystals with (a) 633 nm laser excitation and (b) 


























































Figure 2-7: Mass spectra of AngII/THAP samples under different laser powers. (a) 
AngII/THAP 1:1 sample with 10.4 µJ laser excitation; (b) AngII/THAP 0.2:1 sample 
with 9.3 µJ laser excitation; (c) AngII/THAP 1:1 sample with 6.7 µJ laser excitation; 
(d) AngII/THAP 0.2:1 sample with 6.7 µJ laser excitation; (e) AngII/THAP 0.04:1 



















(e) AngII/THAP 0.04:1 (6.7 uJ)
(d) AngII/THAP 0.2:1 (6.7 uJ)
(c) AngII/THAP 1:1 (6.7 uJ)
(b) AngII/THAP 0.2:1 (9.3 uJ)










Figure 2-8: Mass spectra of SubP/THAP samples under different laser powers. (a) 
SubP/THAP 1:1 with 14.4 µJ laser excitation; (b) SubP/THAP 1:1 with 6.7 µJ laser 
excitation; (c) SubP/THAP 0.2:1 with 6.7 µJ laser excitation; (d) SubP/THAP 0.04:1 























(a) SubP/THAP 1:1 (14.4 uJ)
(b) SubP/THAP 1:1 (6.7 uJ)
(c) SubP/THAP 0.2:1 (6.7 uJ)








Figure 2-9: Mass spectra of Tet/THAP samples with 6.7 µJ laser excitation. (a) 
Tet/THAP 1:1 ; (b) Tet/THAP 0.2:1; (c) Tet/THAP 0.04:1. 
 
 
Figure 2-10: Mass spectra of SubP/CHCA samples with 3.6 µJ laser excitation. (a) 























































Figure 2-11: The model of analyte-support mechanism. 
 
Figure 2-12: Mass spectra of AngII/THAP samples under negative ion mode. (a) 
AngII/THAP 1:1 sample with 10.4 µJ laser excitation; (b) AngII/THAP 0.2:1 sample 
with 9.3 µJ laser excitation; (c) AngII/THAP 1:1 sample with 6.7 µJ laser excitation; 
(d) AngII/THAP 0.2:1 sample with 6.7 µJ laser excitation; (e) AngII/THAP 0.04:1 





















(a) AngII/THAP 1:1 (10.4 uJ)
(b) AngII/THAP 0.2:1 (9.3 uJ)
(c) AngII/THAP 1:1 (6.7 uJ)
(d) AngII/THAP 0.2:1 (6.7 uJ)








Figure 2-13: Mass spectra of SubP/CHCA samples under negative ion mode. (a) 
SubP/CHCA 1:1; (b) SubP/CHCA 0.2:1; (c) SubP/CHCA 0.04:1. 
 
 
















































Figure 2-15: Mass spectrum of AngII/THAP samples with 6.7 µJ and solvent with (a) 




















(a) AngII/THAP 0.04:1 ACN
(b) AngII/THAP 0.04:1 EtOH
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Using cyclodextrin for the detection of chiral molecules with matrix-assisted 




The existence of enantiomers for asymmetric molecules in chemistry world is a 
common phenomenon. The enantiomers have similar physical and chemical features 
but in biological study and metabolism pathways, enantiomers can show great 
difference. The studies on the separation of chiral molecules and enantiomers have 
been carried out for many years and the purpose has been achieved by using HPLC, 
GC and CE. In those methods, an enantioselector is always necessary and 
cyclodextrins (CDs) are one series of the most studied molecules. Meanwhile, the 
application of CDs in MALDI mass spectrometry was discussed by our group and we 
found that the fragment suppressing effect and the alkali metal ions related peak 
suppressing effect of CDs were significant. Using CDs as a kind of additives into the 
matrix was proved to be practical. As a result, in order to find a faster application 
method of chiral separation using MALDI mass spectrometry, CDs were studied 
again with the enantiomers of amino acid tryptophan (Trp). By changing the mixing 
ratio and sample preparation methods, different behaviors between L- and D-Trp were 
observed and it was considered that the application of CDs for direct chiral separation 






Asymmetric organic molecules usually have enantiomers. Since the isomers have 
very similar structures and chemical characteristics, the separation of isomers is very 
difficult with traditional analytical methods [1]. At first it was not considered that 
enantiomers may have great difference in chemical and biological reaction, until 
serious accidents caused by enantiomers in pharmaceutical fields have occurred and 
since then lots of attentions have been paid onto the separation of them. From these 
studies, it was understood that enantiomers may have different reaction activities, 
especially in enzyme catalyzed reactions, for example, for amino acids, only the L-
form can be used and take part in the metabolism cycle in human body [2]. Synthesis 
of a single kind of enantiomer was studied [3-4] and to reach the goal of chiral 
separation in a mixture of enantiomer, several methods, for example, HPLC, GC and 
CE, have been tried and it can be achieved now [5-11]. However, as an important tool 
for analytical science, no such report has been published with MALDI mass 
spectrometry.  
Cyclodextrins (CDs) are a family of compounds made up of sugar molecules bound 
together in a ring. There are three kinds of Cyclodextrin which were commonly used, 
α, β and γ, which was made up by 6, 7 and 8 α-D-glucopyranoside units, respectively. 
Since CDs have a cavity in their structures, when CDs are mixed with small 
molecules, small molecules can enter the cavity of CDs. The reason that CDs have the 
ability for the chiral separation is that although chiral molecules have the same 
molecular formula, still little difference in the structure exists, and this will result in 
the difference in the molecular volume and binding ability with CDs. The detailed 
mechanism of enantioselectivity of CDs is still under research. Several models have 
been raised according to these studies but a well-accepted model still does not exist 
[12-14]. However, it is believed that the interaction between CDs and the enantiomers 
is the key factor of enantioselectivity, although the type of interaction is still unknown. 
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In HPLC, GC and CE, many researchers have reported the method of using CDs as a 
chiral selector [15-17]. On the other hand, in our group, studies of CDs in MALDI 
have been performed for several years, but the purpose is not chiral separation. CDs 
were employed in the same way with zeolites, which means they were used as 
additives to suppress the fragmentation and alkali metal ion peaks and at the same 
time to optimize the detection performance of analyte molecules [18-20]. CDs 
showed good performance on such purposes and they were considered to be suitable 
additives for the detection of molecules with small molecular weights in MALDI 
mass spectrometry [21-23]. 
In this study, the possibility and method of using CDs as chiral selectors in MALDI 
was studied. Three kinds of CDs, α, β and γ, which was made up by 6, 7 and 8 α–D- 
glucopyranoside units, respectively, were employed in this study and THAP was used 
as matrix. D- and L-tryptophan (Trp) was used as analyte molecules.  
By testing different mixing ratios of THAP/CD/Trp and performing several 
pretreatment methods, the most suitable experimental conditions were determined. 
From the result of MALDI mass spectrometry, it was observed that after mixing CDs 
with THAP, the alkali metal related peaks and fragment peaks in low molecular 
weight region were suppressed, which coincides with our past result. Furthermore, it 
was discovered that (1) when D-Trp was mixed with THAP and α-CD before 
performing ultrasonicating, the intensity of [THAP+H]
+
 increased significantly after 
put still for 24 hours, while L-Trp did not show such phenomenon, meanwhile (2) if 





 had a dramatic increase in L-Trp sample, while no difference 
was observed in D-Trp samples.  
From these result, it was observed that both kind of Trps and THAP molecules can 
enter the cavity of α-CD. Because THAP has smaller molecular volume, although it 
can enter the cavity of CD easier, it cannot form strong interaction with CD so the 
dissociation between THAP and CD occurred rapidly as well. Furthermore, it was 
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reveal that since D-Trp has a stronger interaction compared with L-Trp, (1) after 
THAP dissociates with CD, D-Trp can take the cavity and seldom dissociate with CD, 
which results in the increase of peak intensity of [THAP+H]
+
 and (2) L-Trp 





. Different behaviors between L- and D-Trp in MALDI mass 
spectrometry was successfully observed and results from this study showed a strong 
possibility of using CDs as chiral selectors in MALDI. 
 
2. Experimental section 
 
2.1. Sample preparations 
2.1.1. Conventional experimental conditions 
THAP, D- and L-Trp, α, β, γ-CDs and other solid samples were all purchased from 
Aldrich-Sigma. THAP and analyte were dissolved in H2O/ACN (3:7). Concentration 
of THAP was made to 75 mM, containing 1% of trifluoroacetic acid (TFA). α, β, γ-
CDs were dissolved in H2O to make the concentration to 10 mM. 120 μl of THAP and 
20 μl of CDs were mixed together to make up the co-matrix solution and the 
molecular ratio of THAP/CD was about 1:1 then this solution was sonicated for 10 
min. Analyte was dissolved in H2O/ACN and the concentration of solution was 
adjusted to 10 mM. 1 μl of co-matrix solution and 1 μl of analyte solution were mixed 
on the SUS plate and then proceed to detections. 
2.1.2. Adjusted experimental conditions 
THAP, α, β-CDs and Trp were dissolved in H2O/ACN. Concentration of THAP was 
set to 20 mg/ml, which equals to 23.81 mM. Concentrations of CDs and Trp are 20 
mM and 5 mM, respectively. Necessary volume of THAP, CDs and Trp solutions 
were calculated to make the final concentration of THAP on plate was set to 4 mg/ml, 
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and the final molecular ratio on plate (THAP/CD/Analyte) was set to 4:1:0.25. Then 
CD and analyte solutions were mixed and sonicated for 10 min first and then mixed 
with THAP following another 10 min sonication, with the volume calculated before.  
2.2. Mass spectrometry 
1 µl of matrix solution (including THAP/CD co-matrix) and 1 µl of analyte solution 
(including CD/analyte) were mixed on the sample plate. The solutions were mixed 
with the tip of pipette. The sample plate was subjected into the laser 
desorption/ionization mass spectrometry (MALDI micro MX, Waters). A nitrogen 
laser with wavelength at 337 nm was used for excitation. Laser frequency was set to 
10Hz and the duration of each shot was 2.5 ns. The diameter of laser spot was ~ 200 
µm. Each mass spectrum was obtained as the average of spectra taken by 200 laser 
shots with changing the excitation position. 
 
3. Results and discussion 
 
3.1. Validation of the suppressing effects of CDs on mass spectra 
For the validation of the suppressing effects of CDs, all experimental conditions 
followed the previous papers. Adenosine (Ade) was used as the analyte molecule. The 
detection was performed under positive ion mode and laser power was 9.7 µJ. All 
three kinds of CDs were tested in order to find the difference among them. As Figure 





 related peaks were strong and in the region under 400 there were many 
fragment peaks. With the application of αCD (Figure 3-1(c)), the alkali metal ions 
peaks and other fragment peaks were significantly suppressed, and the detection of 
adenosine was not interfered at all. Meanwhile, the peak of [αCD+H]+ was not 
observed, instead, the peak of [αCD+Na]+ had a strong intensity. [αCD+K]+ peak is 
also visible (not marked in the spectrum). Reason for this phenomenon is that CDs are 
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formed by several glucopyranoside units. Glucopyranoside has six –OH groups and 




+. The result of βCD and γCD (Figure 3-1(a and b)) showed a 
much stronger suppressing effect, so that the total peak intensity was lower. Almost 
all ions were suppressed and no peak was observed.  
The same experiment was performed with L-tryptophan (L-Trp) as well (Figure 3-2). 
In Figure 3-2(c) we can see that, compared with THAP only (Figure 3-2(d)), the 
application of αCD resulted in a significant suppressing effect on the fragment peaks 
and alkali metal ions related peaks, especially [THAP+Na]
+
. The phenomena 
observed were similar with Ade/THAP samples. However, there was one obvious 
difference between these two samples. For Ade, the peak intensity of [Ade+H]
+
 did 
not decrease after adding CD to the matrix while the peak intensity of [Trp+H]
+
 
showed a dramatic decrease. Meanwhile, similar with Ade/THAP sample, when βCD 
and γCD were used (Figure 3-2(a and b)), no peak was barely visible, although 
[THAP+H]
+
 was detected with a very low intensity in βCD sample. 
According to past researches, βCD has been reported to be available for the detection 
of Ade and with the application of βCD, the peak intensity of Ade was not suppressed 
significantly [66]. Moreover, total intensities of all peaks were lower than previous 
research. As a result, the problem that, in both experiments, when β and γCD was 
used, almost all peaks were suppressed and this result did not coincide with previous 
reports, leads to one question: are the former experimental conditions really suitable 
for this study? 
3.2. Optimizing experimental conditions 
During the experiments, following the problem which is mentioned above, another 
phenomenon which was also discovered was that under the current experimental 
conditions, the crystallization of THAP on the sample plate did not occur very well 
and when such phenomenon took place, it was hard to detect any peaks. For the 
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samples with β and γCD, the failure of crystallization of THAP occurred frequently, 
which was considered to be the main reason leading to the low intensity of all peaks. 
After checking the experimental conditions, the reason for such phenomenon was 
revealed. The final concentration of THAP on the sample plate was calculated first. 
According to the procedure, after mixed on the plate, the concentration of THAP was 
75/14 mM, which equals to 0.9 mg/ml. This concentration is actually too low for the 
detection with 337 nm laser. It was considered that the final concentration of THAP 
cannot be lower than 2 mg/ml for the detection or the generation of THAP crystal will 
be inhibited. Without the crystal, the energy absorption efficiency decreases 
significantly and the energy transfer rate is also prohibited, which results in the low 
intensities of all peaks. Because of the two factors, both the efficiency of absorbing 
laser energy and energy transfer was restricted, which results in the difficulty in 
detecting ion peaks.  
For previous research, the laser which was employed was at the wavelength of 266 
nm, where THAP has a much highest absorption than 337 nm. With excitation at this 
wavelength, although the generation of THAP crystal is not in a good status, THAP 
molecules can still gain enough energy for the ionization of analyte molecules, which 
makes the detection possible to be performed. Furthermore, in my past research, it has 
been proved that too high concentration of analyte molecules will result in the failure 
of detection. As we can see under this condition, the molecular ratio of analyte/THAP 
was almost 1:1, so that in order to detect analyte molecules, higher laser power was 
necessary (9.7 µJ), and this will result in more fragment ion peaks.  
As a result, the experimental conditions were adjusted to a new series of conditions 
which is shown in Table 1. The mass spectra obtained with new conditions are shown 
in Figure 3-3. It is obvious that after changing the mixing ratio, the laser power 
necessary for the detection was decreased from 7.96 μJ to 6.82 μJ. The main reason 
was that THAP crystal was formed well under this set of experimental conditions. 





 (Figure 3-3(e)) showed an opponent increase compared with old 
conditions (Figure 3-3(a)) and this result coincides with my past result very well. At 
the same time, it was also observed that for Trp/THAP+αCD samples, after changing 
the mixing ratio and laser power, the detection almost achieved similar result (Figure 
3-3(b) and (f)). According to these results, it was considered that the new 
experimental conditions were more suitable for this study. Besides, since αCD 
showed a good performance for the suppression of fragment peaks and alkali related 
ion peaks without suppressing target peaks, following experiments were focused on 
the application of αCD. 
3.3. Investigation on sample preparation and chiral separation 
Under the new experimental conditions, L-Trp and D-Trp were detected by MALDI 
mass spectrometry with the application of αCD in order to achieve chiral separation. 
THAP was mixed with CD and sonication was applied to the mixture for 10 min 
before being used as the matrix. The MALDI spectra are shown in Fig 3-4. From 
these spectra we can see that after mixed with αCD, Na+, K+ and [THAP+Na]+ were 







 were detected as well. At the same time, similar with the other 
results, the peak intensity of [Trp+H]
+
 also decreased significantly. It was considered 
that for the mixture of CD and Trp, if Trp molecules entered the cavity of CD 
molecule before crystallization, they will form a complex, which will result in Trp not 
be ionized, leading to a low peak intensity of [Trp+H]
+
. On the other hand, other free 
Trp molecules can receive the energy and proton from matrix molecules so that they 
can get ionized and be detected. Reason of this hypothesis is that CD is difficult to be 
ionized under our experimental conditions, since only a small peak of [CD+Na]
+
 can 
be observed in the spectrum. If another molecule is combined with CD molecule, it 
will be more difficult for the ionization of CD. Checking the result of this experiment 
we can see that it coincide with this hypothesis very well, which indicates that after 
mixed with CD, a part of Trp entered the cavity of CD.  
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However, the difference between L- and D-Trp was not observed. Meanwhile, the 
difference between preparation methods was not obvious as well. It was considered 
that since THAP was mixed first with CD and the amount of THAP molecules are 
much more than CD molecules, it is possible that much more THAP occupied the 
cavities of CD so that only a few Trp molecules can enter, and this may be the reason 
that no difference between L- and D- was detected. To validate this hypothesis, the 
sample preparation methods were studied first. To clarify the interaction between 
αCD and Trp, three orders for preparation were applied and they are shown in Figure 
3-5. Sonication was applied after each mixing process. The three methods are: (1) 
THAP was simply mixed with Trp; (2) THAP was mixed with CD first, then with 
Trp; (3) CD was mixed with Trp first, then with THAP. Both L- and D-Trp were used 
as analyte and the detection for the samples after each preparation method was carried 
out in positive ion mode with an excitation laser at 337 nm. 
In Figure 3-6 we can see that with these preparation methods, still no difference 
between L- and D-Trp was observed. The decrease after mixing with CD occurred as 
well, but no difference between treatments can be detected. It was supposed that 
THAP molecules have high speed of entering the cavity than Trp molecules. As a 
result, after mixing all things together, even if CD was mixed with Trp first, during 
the sonication, Trp molecules got out of the cavity easily and THAP molecules took 
up the places fast, inhibiting the Trp molecules from entering the cavity agian. So, it 
was thought that THAP should not be sonicated with CD under any conditions.  
However, repeating this experiment using same samples provided some interesting 
findings (Figure 3-7). It was observed that after 24 hours, the peak intensities of 
[THAP+H]
+
 in D-Trp samples showed a dramatic increase after mixing with CD, 
while no difference appeared in L-Trp samples. Considering that only free molecules 
can be ionized, in another word, the Trp molecules which formed the complex with 
CD molecules would not be detected. A hypothesis raised from this phenomenon is 
that although THAP molecules can easily enter the cavity of CD, however, the 
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interaction between THAP and CD is weak so that after some time, THAP will 
dissociate with CD and leave the cavity. Meanwhile, D-Trp will enter and form a 
stronger complex with CD, where dissociation hardly occurs, inhibiting THAP 
molecules from entering the cavity again, resulting in a higher intensity of 
[THAP+H]
+
. On the other hand, such phenomenon was not observed in L-Trp 
samples because L-Trp cannot combine with CD as strongly as D-Trp. The complex 
between L-Trp and CD molecule will possibly break out much faster than D-Trp, so 
THAP can enter the cavity much easier.  
According to these ideas, we think that mixing THAP with CD before sonication will 
cause that large amount of CD molecules will form complex with THAP which 
inhibit Trp form making the complex with CD. To validate this hypothesis and to get 
rid of the interference from THAP molecules, αCD and Trp were mixed and sonicated 
first, then mixed with THAP on plate. Meanwhile, the results from Figure 3-6 and 3-7 
also indicate that perhaps the amount of CD is too much so the peak of [Trp+H]
+
 was 
suppressed too much. To see the effect of different mixing ratio, the molecule ratio 
was 4:0.5:0.25 this time. The final concentration of THAP was still 4 mg/ml on plate. 
The result is shown in Figure 3-8 and 3-9.  
From this result we can see that for L-Trp, after 24 hours, the peak intensities of 
THAP related peaks and [Trp+H]
+





 increased from 8% to 14%, almost the twice of 0h. This 
phenomenon suggested that with the effect of sonication, L-Trp entered the cavity of 
αCD but this weak interaction between L-Trp and αCD dissociated after 24 hours. On 
the other hand, because of the strong interaction between D-Trp and αCD, similar 
with last experiments, the dissociation did not take place, so that almost no change 
was observed in D-Trp samples (from 7% to 8%), which indicates that D-Trp still 
remained in the status of combining with αCD. Peak intensities of THAP related ions 
increased in D-Trp samples as well. However, the reason of this increase is still 
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unknown, since for both kinds of samples, THAP was not added until the solutions 
were dropped onto the sample plate. 
3.4. Possible mechanism for chiral separation with CDs 
According to previous research, the diameters of the cavity of CDs have been 
detected. The diameter is 0.45~0.53 nm for α, 0.60~0.65 nm for β and 0.75~0.85 nm 
for γ [24]. Taking all molecules as sphere, the volumes of THAP and Trp can be 
estimated. The calculated diameter of THAP is 0.64 nm, and the diameter of Trp is 
0.70 nm. From this result, it is clear that since THAP has a smaller size, it has higher 
possibility to enter the cavity of CDs. Since the diameter of a benzene group is 0.58 
nm, it is clear that for THAP molecules, only the acetyl group on the side chain can 
enter the cavity of αCD. The length of the acetyl group is not long enough to 
penetrate deeply into the cavity and compared with the –OH groups, acetyl group is 
more hydrophobic, so that THAP molecule cannot form stable interaction with CD 
molecules. On the other hand, similarly for Trp, the indolyl group side chain, which is 
even bigger than the benzene ring, is not able to enter the cavity while the core part of 
amino acid enters the cavity. Relatively, for Trp, different with THAP, the groups that 
enter the cavity are amine and carboxylic groups, which have strong hydrophilicity. 
They can form hydrogen bond and other kinds of interactions with the –OH groups on 
the surface of CD molecule. Moreover, because of the difference in the confirmations, 
the interaction between D-Trp and CD is stronger than that of L-Trp and CD. the 
dissociation seldom occurs between D-Trp and CD molecule, while L-Trp forms a 
moderated interaction with CD so that after the binding, the dissociation also occurs 
after a period of time. However, the difference between sonication and no sonication 
group was no observed. The reason was considered to be that the amount of CD was 
low and the sonication time was too short.  
However, on the other hand, these results also deduced that it is possible to consider 
that both THAP and Trp are able to enter the cavities, although not the whole 
molecule but only a part of them. Related to the experimental data, we can see that in 
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all samples, peak intensities of THAP and Trp related ions all decreased, more or less, 
when CDs were mixed. However, since THAP is smaller than Trp, so it is easier for 
THAP to enter the cavity of CDs, and this can be the reason that if THAP is mixed 
and sonicated with CD together, no matter when it is added, before or after Trp, 
THAP will take up much more cavities than Trp. On the other hand, because the 
interaction between THAP and CD is weak, the dissociation occurs commonly. If this 
phenomenon takes place, D-Trp can enter the vacant cavity and forms a stronger 
interaction, which was proved by the increase of THAP related peaks intensities after 
putting the samples still for 24 hours. For β and γCD, they have large cavities so that 
neither THAP nor Trp can form an effective interaction with it. However, further 
experiments are still necessary to provide more detailed information. Meanwhile, it 
can be observed that the suppression effect of γCD is too strong, which results in that 
almost nothing could be detected when γCD was used. 
Now let us look back to Figure 3-1 and we can find some interesting things. When 
adenosine was used as the analyte, the peak intensity of [Ade+H]
+
 did not decrease 
even after αCD was added. After calculation we can know that the diameter of 
adenosine is 0.74 nm, which is much bigger than the diameter of the cavity of αCD, 
and from its structure we can see that no part of Ade is small enough to enter the 
cavity. We can suppose that adenosine can hardly enter the cavity of αCD so the peak 




The application of CDs for the chiral separation in MALDI was proved to be possible 
by this study. The effect of suppressing fragment peaks and alkali metal ions related 
peaks was validated. With the optimization of experimental conditions, an improved 
experimental set up for the detection with 337 nm laser was achieved. Chiral 
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separation and detection of L- and D-Trp were performed as well and different 
behaviors of Trp with different chirality were observed, which provided strong 
evidence indicating that CDs can be used for the chiral separation and detection in 
MALDI. Furthermore, by calculating the volume of analyte molecules and the size of 
the cavity in CDs, considering the interaction between CDs and analyte molecules, a 
possible reason explaining the different behaviors among analyte molecules was 
provided. Although further study is still necessary to reveal the mechanism of chiral 
separation of CD and deeper research to achieve a better and more convenient 
application of such method needs to be done, this study suggested a new application 






Figure 3-1: Mass spectra of Ade/THAP samples with (a) γCD; (b) βCD; (c) αCD and 
(d) without CD. 
 





























































  Old  New 
THAP Concentration (mM) 5.36 23.81 
THAP Concentration (mg/ml) 0.9 4 
CD Concentration (mM) 4.29 5.95 
Analyte Concentration (mM) 5 1.49 
Mixing ratio 1.07: 0.86: 1 4: 1: 0.25 
 
Table 3-1: Concentrations of compounds in old and new methods. 
 




















(a) Trp/THAP (old 7.96 uJ)
(b) Trp/THAP+aCD (old 7.96 uJ)
(c) Trp/THAP+bCD (old 7.96 uJ)
(d) Trp/THAP+cCD (old 7.96 uJ)
(e) Trp/THAP (new 6.82 uJ)










Figure 3-4: Mass spectra of THAP+CD/Trp samples. (a) D-Trp detected with THAP 
mixed with αCD; (b) D-Trp detected with THAP only; (c) L-Trp detected with THAP 




Figure 3-5: Methods of sample preparation. (1) THAP was directly mixed with Trp 
and sonication was applied; (2) THAP was mixed with CD first and then mixed with 
Trp, with sonication in each step; (c) CD was mixed with Trp first and then mixed 






































Figure 3-6: Mass spectra of Trp/THAP samples produced with different preparation 
methods. (a) CD and D-Trp were mixed first then mixed with THAP; (b) THAP and 
CD were mixed first then mixed with D-Trp; (c) THAP and D-Trp were mixed; (d) 
CD and L-Trp were mixed first then mixed with THAP; (e) THAP and CD were 
mixed first then mixed with L-Trp; (f) THAP and D-Trp were mixed. 
 




















































Figure 3-8: Mass spectra of THAP/αCD+L-Trp samples. (a) detected after 24 hours 
after αCD was mixed with L-Trp with sonication; detected immediately after αCD 
was mixed with L-Trp with sonication; (c) detected after 24 hours after αCD was 
mixed with L-Trp without sonication; (d) detected immediately after αCD was mixed 





















(a) THAP/aCD+L-Trp (sonication) 24h
(b) THAP/aCD+L-Trp (sonication) 0h
(c) THAP/aCD+L-Trp (no sonication) 24h










Figure 3-9: Mass spectra of THAP/αCD+D-Trp samples. (a) detected after 24 hours 
after αCD was mixed with D-Trp with sonication; detected immediately after αCD 
was mixed with D-Trp with sonication; (c) detected after 24 hours after αCD was 
mixed with D-Trp without sonication; (d) detected immediately after αCD was mixed 





















(a) THAP/aCD+D-Trp (sonication) 24h
(b) THAP/aCD+D-Trp (sonication) 0h
(c) THAP/aCD+D-Trp (no sonication) 24h
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MALDI mass spectrometry has been paid attention to since its invention and it has 
already become one of the most powerful tools for the detection of large molecules. 
For over thirty years, numerous researches on the mechanism of its ionization process 
and its application have been performed. Although several models deducing the 
ionization process have been raised, none of them can explain all phenomena which 
were observed in experiments. At the same time, chiral separation has been achieved 
in other analytical methods and CDs have been widely used for this purpose. 
However, no report has been made on the temptation of using CDs as enantiomer 
selectors in MALDI mass spectrometry. Based on these facts, this research was 
thought to be necessary and was carried out. 
In chapter two, the study on the mechanism of ionization process in MALDI was 
introduced. In this study, we concentrated on the interaction between matrix and 
analyte molecules, and the effect of solvent on the ionization efficiency. The 
interaction of matrix molecules with polar analyte and water molecules was probed by 
spectroscopic methods. The stabilization of the matrix molecules were considered to 
be important for the ionization process. THAP was used as matrix and AngII and 
SubP were used as analyte. By using SEM, the crystal shape change with the change 
of analyte mixing ratio was observed, which was caused by the stabilization of matrix 
molecules as well. Furthermore, in the diffuse reflectance spectra, a new band which 
is assignable to THAP stabilized by the polar analyte (peptide) and water molecules 
was observed around 600 to 800 nm in AngII/THAP and SubP/THAP samples, 
whereas THAP alone and peptide alone showed no bands at wavelengths longer than 
500 nm. Meanwhile, Raman spectra of these samples provided evidence of this 
stabilization from another aspect as well. In MALDI mass spectrometry detection, it 
was discovered that with the increase of the analyte amount, several characteristics 







decrease concomitantly, (2) to obtain a similar peak intensity of [analyte+H]
+
 with 





 increases significantly. At last, the effect of solvents was 
discussed as well. The existence of proton donor in the solvent was proved to be 
necessary and H2O/ACN was confirmed to be a practical effective solvent. It is 
reasonable that the evidence obtained from this study could be essential for a clearer 
understanding to the analyte-support mechanism in MALDI. 
The study of the application of CDs in MALDI mass spectrometry for chiral 
separation was introduced in Chapter three. Three kinds of CDs, α, β and γ, were 
applied as additives for matrix in the experiments. THAP was used as matrix and the 
enantiomers of Trp, L- and D- types, were used as analyte. The suppressing effect of 
CDs on fragment peaks and alkali metal ions related peaks was validated first. After 
this, several sample preparation methods were studied and the suitable concentrations, 
mixing ratio and pretreatment procedure were achieved. From the mass spectra, it was 
discovered that if THAP was mixed with αCD before dropping onto the sample plate, 
the peak intensity of [THAP+H]
+
 would increase after 24 hours; meanwhile, if the 
THAP solution was mixed with analyte solution on the sample plate, L-Trp sample 




 ratio while no change was observed 
in D-Trp sample. From these result, after calculating the size and diameters of these 
compounds, a possible mechanism of the enantioselectivity of CDs in MALDI was 
raised. The size-depend effect and the difference of interaction between CD and two 
types of Trp were considered to be the key factor for the chiral separation in this study. 
For conclusion, the mechanism of ionization process and the application of CDs for 
direct chiral separation and detection in MALDI were studied in this research. Strong 
evidence supporting the new analyte-support mechanism was obtained and possibility 
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